Abstract-The state-of-the-art phased array-based digital beamforming systems suffer from disadvantages of high power consumption, high cost, and system complexity due to the massive use of transmitter/receiver (T/R) modules and high-speed digital and digital-analog mixed devices. In this paper, we point out that by proposing a new concept "complex domain" radio frequency (RF) frontend, the relatively slowly changed waveform delay information required to accomplish adaptive beamforming can be separated from wideband RF signals, based on which a self-contained beamforming system can be implemented with a low-speed baseband. By introducing vector RF multipliers in the proposed frontend, the amplitude and phase of RF signals can be simultaneously controlled by the real and imaginary parts of complex numbers, such that beamforming algorithms derived in complex domain can be directly applied without any form of transformation. By doing so, the massive use of conventional T/R modules and high-speed baseband devices can be avoided. Theoretical analysis and experimental demonstration based on commercial components have validated the proposed approach. Our method is able to significantly simplify the realization and decrease the cost of wideband digital beamforming systems, and can be widely used in low cost, power efficient beamforming applications.
radar systems, beamforming technique has been widely used to not only steer and shape the lobes of radiation patterns so as to obtain optimal signal performance [4] [5] [6] , but also to control the nulls to suppress directional interference and improve the noise performance [7] [8] [9] [10] . Due to these advantages, phased array antennas with beamforming functions have been widely used in modern civil and military systems like radars [3] , [11] , [12] , radio telescopes [13] , [14] , acoustic applications [15] , [16] , and radio communication systems [17] , [18] .
Beamforming can be realized in either radio frequency (RF) domain [2] or baseband (BB) domain [19] . Nowadays, BB beamforming based on the state-of-the-art highly adaptive phased array is the main stream [20] [21] [22] [23] [24] . Compared with the conventional RF beamforming that relies on analog RF phase shifters [19] , [25] , such BB beamforming systems are based on the concept of software defined radio (SDR) architecture [19] that combines antenna elements with RF frontends (transmitter/receiver (T/R) modules), analog-to-digital converters (ADCs), and digital signal processors (DSPs) to provide the maximum flexibility in achieving high-performance adaptive beamforming [20] [21] [22] [23] [24] . For a wideband BB beamforming system, the massive use of high-speed ADCs is inevitable. Consequently, digital down-converters (DDCs) are needed to convert the digitized intermediate frequency (IF) signals to baseband. In order to handle the wideband data and complex beamforming algorithms in digital domain, a high-performance processing unit is required in baseband, typically implemented by high-speed DSPs or field programmable devices, such as FPGAs. All these high-speed digital and digital-analog mixed devices are expensive and power hungry [26] . Therefore, the hardware expense, power consumption and structural complexity of a high-performance BB beamforming phased array system directly increase with the number of RF channels, making the implementation of a large-scale BB beamforming system a complex and challenging task.
In this paper, we point out that although radar or communication signal processing in wideband phased array systems has to process wideband signals in digital domain, it is not necessary for the beamforming processing to also handle such signals. In fact, the implementation of beamforming relies on the waveform delay between RF signals received in different channels, instead of the information carried by the bandwidth of the signals. If such slowly changed, narrowband waveform delay information can be separated from time-domain RF signals, a self-contained narrowband beamforming system can be implemented in RF domain. In this case, only a one-channel SDR receiver is needed to demodulate the information carried by RF signals, and therefore the massive use of wideband T/R modules and high-speed devices can be effectively avoided.
In order to realize such an RF domain beamforming, we propose a "complex domain" RF frontend, which is able to separate the waveform delay information from the RF signals, and individually control the amplitude and phase of each RF signal.
Since all the signals of the waveform delay and the amplitude/ phase control are slow signals, low-frequency ADCs, DACs and DSPs can be used in the implementation of adaptive beamforming. Furthermore, we introduce vector RF multipliers in the proposed frontend, such that the amplitude and phase of RF signals can be simultaneously controlled by the real and imaginary parts of complex numbers. Therefore, beamforming algorithms derived in complex domain can be directly applied without any form transformation. As a self-contained RF domain beamforming system, its output can be directly connected to any available receivers, including SDR receivers, enabling conventional receivers to easily gain beamforming functions. An experimental prototype is designed and fabricated based on commercial components. The demonstrations of adaptive nulling and broadening of radiation pattern validate the effectiveness of the proposed approach. This paper is organized as follows. In Section II, the principle of the traditional and the proposed beamforming approaches are analyzed and compared. In Section III, an experimental prototype is designed and fabricated. Using the prototype, examples of power inversion based nulling and quasi-hemispheric coverage beamforming are demonstrated in Section IV. Finally, a conclusion is drawn in Section V.
II. PRINCIPLE

A. Architecture
For comparison, Fig. 1 illustrates the block diagram of an SDR architectured BB beamforming system, in which the RF signal received by each antenna element is amplified and down-converted to IF by a T/R module, digitized by an ADC, and then down-converted to baseband in digital domain by the DDC, sequentially. Beamforming algorithms are performed in the baseband processing unit, which is normally implemented with high-speed DSPs and/or FPGAs devices. For a wideband beamforming system, all the ADCs, DDCs and baseband processors are high-speed, power consuming devices, making the hardware cost, power consumption and system complexity proportional to the scale to the phased array system. Although the architecture in Fig. 1 has been proved to be able to provide high-performance BB beamforming, as indicated, it is not a cost-efficient architecture. In essence, adaptive beamforming is achieved by dynamically tuning the shape and direction of the lobes and/or the nulls of the radiation pattern, which are finally determined by the amplitude and phase distribution on the radiation aperture [27] . For phased array-based beamforming, the aperture distribution is tuned by controlling the amplitude and waveform delay of the RF signals received by different antenna elements, either in RF domain or BB domain. In practice, the change of such amplitude and waveform delay is usually in second or millisecond level. Therefore, a phased array-based beamforming system is not necessarily a wideband system. The SDR based phased array architecture has significant advantages for wideband radar or communication signal processing. However, it can be very redundant for the beamforming signal processing.
According to the above analysis, if the slow signals reflecting the change of amplitude and waveform delay of RF signals can be conveniently separated and controlled, a self-contained, narrowband beamforming system can be implemented in RF domain, along with a one-channel receiver to demodulate the information carried by the RF signal. Fig. 2 shows the proposed block diagram for such a system. Firstly, RF amplifiers are used to replace the T/R modules, to provide gains to all the received signals. The amplified RF signal in channel 0 is used as the reference signal, and the waveform delays between this reference signal and the other RF signals received by different antenna elements can be obtained by wideband waveform delay detectors. In the meantime, vector multipliers are used to implement simultaneous control to the amplitude and waveform delay of each RF signal, performing beamforming in RF domain.
B. Separation of Waveform Delays From RF Signals
The same as the analysis for conventional phased array antennas, we assume the incidence upon the aperture is a plane wave. In this case, the phase difference between the signals received by different radiating elements can be significantly dif-ferent depending on the angle of incidence. However, the amplitude difference is assumed to be very small due to the fact that the loss of a plane wave transmitted in the air can be ignored within a short distance.
In conventional beamforming systems, the waveform delay between two RF signals received by different antennas is computed in digital domain after the down-conversion and digitization. In RF domain, the detection of such a delay can be simply achieved by analog multiplication [28] .
The RF signals received by two antenna elements can be expressed as (1) (2) where and are the amplitudes, is the modulated wideband signal, and is the phase delay between and . Consequently, is the waveform delay between and . After multiplying with , we obtain (3) where . It is shown that the DC component can be obtained by filtering the harmonic components from (3), which directly relates to the waveform delay between signals and . Note that the coefficient depends on the amplitude of the received signals, bringing difficulty to extract from the DC component. In practice, variable gain amplifiers (VGAs) can be used in the RF amplifier chain, such that signals with constant amplitudes and can always be obtained. In this case, can be obtained after the amplitude and phase calibration to the RF frontend.
Alternatively, digitized waveform delay detectors can also be used to solve this problem. As shown in Fig. 3(a) , signals and can firstly be amplified by limiting amplifiers (stage 1), and the clipped output signals with the same amplitude can be further sent to an RF exclusive-or (XOR) gate (stage 2) and a low-pass filter (stage 3). Since the waveform delay will determine the width of the output clipped pulses of the XOR gate, after a low-pass filter, the obtained DC voltage at stage 4 will be linearly proportional to the waveform delay [28] . With the rapid progress of RF CMOS technology, commercial RF phase detectors such as the Analog Device's AD8302 have integrated similar structure as shown in Fig. 3(a) . In this work, we also chose this device as a building block in the experimental prototype, as shown in the following.
It is worth noting that for both methods, the output signals containing the waveform delay information are slowly changing signals with respect to the RF carrier frequency, and thus low sampling rate, multi-channel ADCs can be used to digitize such signals for further beamforming processing.
It should be mentioned that when a pulsed waveform is used in the proposed architecture, it is possible that the delay between the signals received by different elements is able to exceed the duration of the pulsed waveform. In this case, the pro- posed waveform delay detector will not properly work. However, since the pulsed waveform is modulated on the carrier, its duration is always much longer than the period of the carrier. In practice, due to the limited transient response of transmitting channels and the wide use of pulse compression technique, the typical duration of a pulsed waveform is in microsecond scale or even longer. For a duration of 1 to 100 microseconds, the electromagnetic wave is able to travel 300 to 30000 meters. Therefore, the multiple-waveform delay only occurs in the case of extremely large arrays. By properly designing the duration of the pulsed waveform, this issue can always be avoided.
C. Vector Control of RF Signals
In conventional phased array architectures, different components, i.e., phase shifters and amplifiers, are separately used to control the phase and amplitude of RF signals. In the proposed architecture, we use a single device to implement simultaneous vector control of RF signals, to significantly simplify the structure of the RF frontend.
Consider a complex signal received by an RF channel, where is the carrier frequency, is the modulated BB signal. Assuming a complex weighting number with an amplitude and a phase . By multiplying with , the resultant signal can be expressed as (4) The real part of is (5) which can be considered as the original signal modulated by amplitude and phase . Equation (5) can be realized by a quadrature power divider and a vector multiplier, as shown in Fig. 4 . The input signal is divided into in-phase and quadrature-phase signals and by the quadrature power divider, where
The output of the vector multiplier is therefore (8) where and are direct current (DC) control voltages. Fig. 5 illustrates the relationship between , , , and , which can be concisely presented by a complex number . As long as the phase and amplitude are determined, the vector control coefficients and can be determined, or vice versa. It is seen that this specific "complex domain" architecture is able to bring a lot of convenience in the realization of beamforming algorithms that are mathematically described in complex equations.
According to Fig. 5 , the phase is able to continuously take values between 0 and 360 degrees, and the tuning range of the amplitude is only limited by the used device. In phased array and beamforming applications, the time required to change a beam shape is normally in milliseconds. Therefore, multichannel, low sampling rate, wide bit width DACs can be used to precisely control , , , and , providing a cost efficient, high-performance solution for vector RF signal control.
D. Beamforming Baseband Unit
Since both signals of the vector control and the waveform delay are slowly changing signals, the beamforming baseband unit can also be realized by low sampling rate, multichannel ADCs and DACs, and low-speed baseband processing devices, as shown in Fig. 6 . The ADCs are used to sample the voltages to representing the phase delay outputs from the wideband waveform delay detectors, and the DACs are used to generate the voltages and , , for the vector control of the RF signals. DSPs and/or FPGAs can be used to carry out the baseband processing by running the complex domain beamforming algorithms. Again, both the inputs to and the outputs from the baseband processing unit are digitized slowly changing signals.
Based on the above discussion, the output of the proposed RF beamforming system is (9) which is the summation of all the L-channel RF output signals, whose amplitude and phase delay have been controlled by the complex numbers computed by algorithms run in the beamforming baseband unit. Obviously, the RF signal can be sent to any one-channel RF receiver, including a state of the art SDR receiver, for further signal processing. Therefore, the proposed architecture is able to avoid massive use of expensive T/R modules and high-speed digital and mixed signal devices, achieving low-power, cost-effective phased array and beamforming systems.
III. EXPERIMENTAL PROTOTYPE
To verify the effectiveness of the proposed approach, an experimental prototype with five antenna elements and RF channels are designed and fabricated.
A. Circuits Fig. 7(a) shows the schematic of the reference dispatching unit. The signal received by the antenna is first filtered to suppress out-of-band noises, and then amplified by an amplifier chain consisting of an RF low-noise amplifier (LNA) and a gain block device. Then, the signal is divided into signals, where the signal is directly sent to the combiner shown in Fig. 2 , and the other REF signals are sent to the waveform delay detectors, to extract the waveform delays between the RF signal and the other received signals. Fig. 7(b) shows the schematic of the th RF channel with the waveform delay detector and the vector RF multiplier, whose antenna element, filter and RF amplifiers are the same as those in Fig. 7(a) . The amplified RF signal is divided into two parts, which are used as the inputs to the waveform delay detector and the vector multiplier, respectively. The output of the waveform delay detector is sampled by an ADC channel, and the amplitude and phase of the input signal will be controlled by signals and , which are generated by a DAC channel. Fig. 8 is the photograph of the fabricated prototype based on commercial components, whose size is about mm . The prototype consists of one reference channel and four delay detection/vector control channels. In each channel, the LNA is a Mini-Circuits , while the gain block is Avago Tech ABA31563. The filter is designed by lumped components. In the reference channel, two power splitters, Mini-Circuits and , are used to generate the four REF signals. The vector multiplier is implemented by ADI ADL5390, and the related quadrature power divider is Mini-Circuits . The ADI's AD8302 is used to serve as the waveform delay detector, whose outputs are sampled by ADI's ADC product AD7689. The control signals for the vector multiplier are generated by ADI's DAC product AD5668.
In the baseband, a microprocessor, ST Electronics STM32 (on the bottom side of the board), is used to control the ADCs and the DACs. In order to block the interference from the digital devices, the analog ground of the RF front is separated from the digital ground by low-voltage differential signaling (LVDS) interfaces, TI SN65LVDT14 and SN65LVDT41. The main devices used in the prototype are also listed in Table I .
B. Antennas
For the prototype, a linear array consisting of five coplanar waveguide (CPW) fed monopoles is designed and fabricated. Each monopole antenna is printed on a 1-mm-think, mm sized FR4 board, as shown in Fig. 9(a) . The dimensions are marked in mm. Such monopoles work at 2 GHz with a designed gain of 2.3 dBi, whose normalized Eand H-plane radiation patterns are measured in an anechoic chamber, as shown in Fig. 9(b) and (c), respectively. It is seen that such patterns are similar to the pattern of an ideal monopole antenna. The measured S11 of the monopole is shown in Fig. 9(d) . Fig. 10(a) shows the photograph of the five-element monopole array, in which neighboring antennas are separated by half a wavelength. The supporter of the array is made of Styrofoam, whose dielectric constant is very close to 1. Fig. 10(b) shows how the array is connected to the RF frontend with coaxial cables. Fig. 10(c) shows the experimental setup in the microwave anechoic chamber.
The mutual coupling between the radiating elements mainly comes from the near-field coupling. In our prototype, the distance between the adjacent monopoles is half a wavelength. The measured correlation coefficient is 0.0022, which can be ignored in our case. This result complies with the previous research on the mutual coupling between monopoles reported by [29] , [30] . The impacts of mutual coupling on the performance of phased arrays have been discussed in many literatures, such as [31] .
In the following sections, we will demonstrate beamforming experiments using the fabricated prototype, in which the nulling and broadening of radiation patterns based on complex domain algorithms are demonstrated. All measurements were conducted in the anechoic chamber.
IV. EXPERIMENT: POWER-INVERSION NULLING
Algorithm
The power inversion method is used in many adaptive nulling algorithms to suppress interferences from unknown incident directions by tuning nulls of the radiation pattern to such directions [32] , [33] . Previously, such nulling algorithms are designed for BB beamforming based on SDR architectures, in which the wideband IF or baseband signals are digitized and processed in time domain [32] [33] [34] . In the following, we will demonstrate power inversion based nulling using the proposed "complex domain" architecture, in which the slowly changed waveform delays are detected and controlled in RF domain directly with complex numbers. In order to do so, slight modifications to the original power inversion algorithm are made, to describe signals in terms of waveform delay and amplitude difference between RF signals.
For the five-element linear array, the received RF signals can be expressed as (10) where is the RF signal received by the reference channel. Note that in our system, signals is not sampled. Instead, the phase delay (11) is sampled using narrowband ADCs, where is assigned as a zero phase. Then in the baseband processing unit, the rebuilt signal for beamforming in the beamforming control unit can be expressed as (12) in which (13) where is the sampling number, is an integer, and . Assume the weight vector of the array is (14) where (15) is the complex weight for controlling the th vector multiplier, and denotes the conjugate transpose. In power inversion algorithm, the optimal weight can be obtained by solving (16) which can be directly calculated by applying the direct least square algorithm [33] , i.e.,
where For the proposed prototype, the complex vector can be used as the inputs for each vector multiplier. The output signal is (20) In the experiment, we demonstrate two cases, where a single interference is assumed to be incident from the zenith angle of 0 and 40 degrees in the H plane, respectively. In each case, the optimized complex values of are shown in Table II .
A. Experimental Results
To verify the performance of the proposed "complex domain" frontend, the complex values of for different nulling directions optimized by a personal computer were sent to the microprocessor STM32 via a joint test action group (JTAG) download cable, to form different nulling patterns. Fig. 11(a) and (b) shows the experimental results, along with the simulated and calculated results for comparison. The full wave simulation is performed using CST Microwave Studio™, and the calculation is based on (17) . In both simulation and calculation, the same five-element linear monopole array is used.
For both cases, the same data in Table II are used as the input weighting coefficients to control the amplitudes and phases of the RF signals.
It is seen that in both cases, the obtained nulling results comply with each other, especially in the intended directions of nulling. The depth of the nulls in these directions ranges between 20 dB and 30 dB in the experiments, meaning a good suppression effect to the incident interference.
In Fig. 11 , along with the expected deep nulls, there also exist other dips in directions other than the nulling directions. For instance, when nulling to 0 direction in Fig. 11(a) , there are also a deep null in the direction around zenith angle, and a shallow null around 40 zenith angle. It should be noted that such nulls are the by-products of the power inversion algorithm. The relationship between the wanted and the unwanted nulls is similar to the relationship between the main lobe and the side lobes when forming steering lobes. Similar results were also reported in [35] , [36] . This disadvantage can be avoided by optimizing all the other nulls, as shown in the following.
V. EXPERIMENT: BEAM-BROADENING
It is usually difficult to synthesize a wide-angle coverage beam for an array antenna. In this section, we demonstrate such a beamforming using an algorithm proposed in [35] , which can be used to automatically synthesize a beam with a wide-angle coverage and a single deep null pointing to a direction of no interest. In scenarios such as GPS applications, this null can be tuned to a direction where there is not a navigation satellite, obtaining an "effective" quasi-hemispheric beam in the H plane for the receiver. The mechanism behind this approach is Gaussian noise-based stochastic optimization on the orientation and depth of all the nulls of the radiation pattern [35] .
Algorithm
In order to obtain such a special radiation pattern, we rewrite the far field radiation of an L-element linear array as [37] ( 21) where is the th null of , , and determine the depth and orientation of the th null, respectively [35] . Therefore, each null can be independently controlled by tuning the complex number . In order to get the optimized to realize an "effective" quasi-hemispheric beam, we assume a hypothetical interference with a known incident direction in the digital domain. In the five-element phased array, the interference signal received by each channel has a different phase, which can be expressed as (22) where (23) with being the direction of the hypothetical interference. The hypothetical interference signal can be expressed as (24) where represents the power of the interference, is the number of samples, is an integer such that , and is the Gaussian white noise. The optimized weight is (25) Similarly, can be directly used as the complex number for the input of the vector multipliers in the proposed prototype.
In the experiment, we demonstrate three cases, where the single deep nulls are tuned to the directions with zenith angle of 0, 40, and 80 degrees in the H plane, respectively. In each case, the optimized complex values of are shown in Table III . Experimental results shown in Fig. 12(a) -(c) are also compared with the measured and the simulated results for three cases when the single deep null is optimized to point to 0 , 40 , and 80 , respectively. From the calculated results, we can see that the algorithm can effectively tune the deep null to the desired direction and thus flatten the main lobe to obtain a wide-angle coverage. In Fig. 12(a) , the null is directed to 0 and the pattern is flat in other directions. The quasi-hemispheric coverage in H plane is obtained if there is no signal incident from the 0 direction. Even when the nulls are directed to large zenith angle, i.e., 80 as shown in Fig. 12(c) , the beam width of the pattern is still much larger than the original pattern with an in-phase feeding, which is shown in Fig. 13 . Fig. 12 shows again that the measured, simulated and calculated results from (25) comply with each other, validating the effectiveness of the proposed approach.
Comparing the experimental results shown in Figs. 12 and 11, we see that the by-product nulls existed in Fig. 11 disappear in Fig. 12 . This is because the algorithm developed based on (21) is able to independently optimize all the four nulls. In order to obtain a wide-angle coverage beam, except for the single deep null, the rest three nulls can be optimized to be as shallow as possible.
The same as the conventional phased array systems, the imperfection of analog components may degrade the beamforming performance, and proper calibrations can be used to compensate for this imperfection. In our architecture, such imperfections can be eliminated by adding calibration offsets to the inputs of vector multipliers. On the other hand, according to [35] , the nulling direction does not notably deviate until the amplitude and phase errors reach 3 dB and 6 degrees, respectively. This means that small variations due to the imperfection of RF components only have limited effect on the beamforming.
In broadband applications, the proposed architecture faces the same challenges as conventional phased arrays do. In order to obtain a broadband system, all components in the receiving and transmitting chains should have sufficient wideband performance, including the gain flatness, insertion loss flatness, and the dispersion of group delays. The key components used to implement our architecture, i.e., the waveform delay detector (AD8302, bandwidth from DC to 2.7 GHz) and the vector multiplier (ADL5390, bandwidth from 20 MHz to 2.4 GHz), are both wideband devices. We believe it is feasible to implement broadband beamforming systems using our architecture.
VI. CONCLUSION
In this work, we pointed out that a phased array-based beamforming system is not necessarily a wideband system, in which case the conventional SDR architectured phased array can be redundant for beamforming applications. Instead, we propose a self-contained beamforming architecture that can be implemented with narrowband devices, to effectively avoid the disadvantages of high power consumption, high cost, and system complexity due to the massive use of T/R modules and highspeed digital and mixed-signal devices. Such a "complex domain" RF frontend is able to separate the waveform delay information from the RF signals, and simultaneously control the amplitude and phase delay of each RF signal using complex numbers computed by the beamforming algorithms derived in complex domain. An experimental prototype developed with commercial components verified the effectiveness of our approach by demonstrating the adaptive nulling and broadening of radiation patterns. Using our method, the massive use of conventional T/R modules and high-speed baseband devices can be avoided, and additional beamforming functions can be conveniently introduced to arbitrary one-channel receivers without any modification. We anticipate our method to be widely used in low cost, power efficient beamforming applications.
